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ABSTRACT 

T h i s  p a p e r  p r e s e n t s  a s i m p l i f i e d  a s c e n t  and r e n d e z -  
v c u s  scheme d e s i g n e d  t o  minimize  LGC f l i g h t  s o f t w a r e  r e q u i r e -  
m e n t s .  The scheme i n c l u d e s  s i m p l i f i e d  l a u n c h - t o - i n s e r t i o n  
g u i d a n c e  and a c o n c e n t r i c  f l i g h t  p l a n  re -shaped  t o  a l l o w  more 
c o m p l e t e  g round  s u p p o r t .  

The s i m p l i f i e d  l aunch  t o  i n s e r t i o n  g u i d a n c e  h a s  b e e n  
s i m u l a t e d  and p r e l i m i n a r y  per formance  and  d i s p e r s i o n  d a t a  i s  
p r e s e n t e d .  T h i s  d a t a  shows t h a t  a c c e p t a b l e  i n s e r t i o n  c o n d i -  
t i o n s  a r e  a t t a i n e d  w i t h  no a p p r e c i a b l e  AV p e n a l t y .  The f l i g h t  
p r o f i l e  i s  d i s c u s s e d  maneuver by maneuver  and t h e  n e c e s s a r y  
e q u a t i o n s  for on-board t a r g e t i n g  a r e  d e v e l o p e d .  

A l i s t  o f  programs for nominal  and backup u s e  i s  
p r o v i d e d .  Based on es t imates  o f  t h e  s o f t w a r e  r e q u i r e d  t o  
irnplernent t h i s  a s c e n t  and rendezvous  scheme, i t  a p p e a r s  t h a t  
t h e  LGC r e q u i r e m e n t s  f o r  t h e s e  p o r t i o n s  o f  the  p r a o f i l e  can  b e  
r e d u c e d  by  a b o u t  s e v e n t y - f i v e  p e r c e n t .  
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I N T R O D U C T I O N  

T h i s  s t u d y  was per formed as p a r t  o f  a Bellcomm e f f o r t  
t o  d e t e r m i n e  t h e  f e a s i b i l i t y  of  d e v e l o p i n ?  s i m p l i f i e d  LGC f l i g h t  
s o f t w a r e  w h i l e  m e e t i n g  t h e  minimum r e q u i r e m e n t s  f o r  c a r r y i n g  
o u t  a l u n a r  l a n d i n g  m i s s i o n .  The s t u d y ' s  o b J e c t i v e  was to 
d e t e r m i n e  t h e  f e a s i b i l i t y  of  c a r r y i n g  o u t  a l u n a r  m i s s i o n  u s i n g  
h a l f  t h e  f i x e d  and  e ra sab le  memory o f  t h e  LGC. The p o r t i o n  
of  t h e  m i s s i o n  examined h e r e  b e q i n s  a t  LM l a u n c h  and e x t e n d s  
thyough  r e n d e z v o u s .  

The scheme examined i n  t h i s  r e p o r t  a c h i e v e s  c o n s i d e r a b l e  
LM s o f t w a r e  s i m p l i f i c a t i o n  b y  i n t r o d u c i n g  two m o d i f i c a t i o n s  t o  
t h e  b a s i c  c o n c e n t r i c  f l i g h t  p l a n :  

'1. S i m p l i f i e d  l a u n c h - t o - i n s e r t i o n  S u i d a n c e  i s  employed.  

2 .  The CSI maneuver i s  d e l a y e d  u n t i l  a f t e r  a c i r c u l a r i -  
z a t i o n  maneuver  i s  p e r f o r m e d .  

- 'i'he f i r s t  m o d i f i c a t i o n  r e d u c e s  computer  word r e q u i r e m e n t s  by 
e l i m i n a t i n g  t h e  p r e s e n t  powered a s c e n t  g u i d a n c e  e q u a t i o n s  a n d  
u s i n g  a n  open l o o p  p i t c h  program i n  cor i jur ic t ion  w i t h  tkle c r o s s  
p r o a u c t  s t e e r i n g  programs which a re  c o n t a i n e d  i n  t h e  LGC u n d e r  
t h e  e x i s t i n g  s y s t e m .  I t  i s  shown t h a t  t h i s  s i m p l i f i e d  g u i d a n c e  
scheme p r o d u c e s  a c c e p t a b l e  d i s p e r s i o n s  and no  a p p r e c i a b l e  AV 
p e n a l t y .  

P e r f o r m i n g  t h e  CSI maneuver  on a c i r c u l a r  o r b i t  h a s  
t h e  e f f e c t  of  p e r m i t t i n g  a l l  on-board c a l c u l a t i o n s  to b e  done 
w i t h  v e r y  s i m p l e  e q u a t i o n s  and r o u t i n e s .  I n  a d d i t i o n ,  t h e  de- 
l a y e d  CSI o c c u r s  on t h e  f r o n t  s i d e  o f  t h e  moon and  hence  t h i s  
maneuver  ( i n d e e d ,  a l l  maneuvers t h r o u g h  T P I )  can  be  t a r g e t e d  
from t h e  g r o u n d .  Much o f  t h e  on-board  c o m p u t a t i o n a l  c a p a b i l i t y ,  
t h e r e f o r e ,  has t o  be  c a r r i e d  o n l y  for backup p u r p o s e s .  D e l a y i n g  
CSI a l s o  h a s  t h e  e f f e c t  o f  e x t e n d i n g  t h e  t i m e l i n e  t h e r e b y  p e r -  
m i t t i n g  more f l e x i b l e  m i s s i o n  p l a n n i n g  and r e d u c i n g  t h e  work 
l o a d  f o r  t h e  c rew.  The t o t a l  t ime f o r  l a u n c h  to t e r m i n a l  
b r a k i n g  i s  a p p r o x i m a t e l y  4 . 5  h o u r s .  
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The body of  t h i s  r e p o r t  i s  d i v i d e d  i n t o  t h r e e  s e c -  
t i o n s :  P r o f i l e ,  P r o f i l e  C a l c u l a t i o n s ,  and  Pe r fo rmance  and  
D i s p e r s i o n s .  The P r o f i l e  s e c t i o n  i s  a g e n e r a l  d e s c r i p t i o n  o f  
t h e  f l i g h t  p r o f i l e  i n c l u d i n g  a d i s c u s s i o n  o f  l i g h t i n g  and  
t r a c k i n g  c o n s t r a i n t s .  The P r o f i l e  C a l c u l a t i o n s  s e c t i o n  de- 
s c r i b e s  e a c h  maneuver  and p r e s e n t s  t h e  a p p r o p r i a t e  e q u a t i o n s .  
The P e r f o r m a n c e  and  D i s p e r s i o n s  s e c t i o n  c o n t a i n s  t h e  r e s u l t s  
of  s i m u l a t e d  r u n s  showing d i s p e r s i o n s  a t  i n s e r t i o n ,  A V  c o s t s  
and  a d i s c u s s i o n  o f  o t h e r  d i s p e r s i o n s  i n  t h e  p r o f i l e .  The 
r e p o r t  a l s o  h a s  a p p e n d i c e s  which d e f i n e  t h e  L G C  r e q u i r e m e n t s  
f o r  t h e  p r o f i l e  s t u d i e d  and  t h e  s i m p l i f i e d  g u i d a n c e  e q u a t i o n s  
f o r  l a u n c h - t o - i n s e r t i o n .  

PROFILE 

The LM a s c e n t  p r o f i l e  i s  shown i n  F i g u r e  1 and c o v e r s  
t h e  p e r i o d  from LM l i f t o f f  t o  t e r m i n a l  b r a k i n g .  F o r  a n o m i n a l  
m i s s i o n  t h e  e a r l i e s t  p o s s i b l e  and  l a t e s t  p o s s i b l e  t i m e s  for 
l i f t o f f  a r e  s u p p l i e d  from t h e  g r o u n d .  A f t e r  l i f t o f f  t h e  LM 
r i s e s  v e r t i c a l l y  f o r  a f i x e d  t i m e  ( a  t i m e  o f  1 2  s e c o n d s  was 
u s e d  f o r  t h e  s i m u l a t e d  r u n s  d i s c u s s e d  i n  t h i s  r e p o r t ) .  A t  t h e  
e n d  of  t h e  v e r t i c a l  r i s e  p h a s e  t h e  LM p i t c h e s  a t  a h i g h  r a t e  
f o r  a s p e c i f i e d  t ime.  T h e r e a f t e r  t h e  L V  p i t c h e s  a t  a low r a t e  
u n t i l  a s p e c i f i e d  t i m e  a t  which t h e  c r o s s  p r o d u c t  s t e e r i n g  
program i s  s w i t c h e d  on.  The r e m a i n d e r  o f  powered a s c e n t  i s  
g u i d e d  c l o s e d - l o o p  t o  t h e  p r o p e r  c u t o f f  c o n d i t i o n s .  C u t o f f  
o c c u r s  a t  a p p r o x i m a t e l y  400 s e c o n d s  a f t e r  l a u n c h  and  r e s u l t s  
i n  a n  o r b i t  w i t h  an  a p o l u n e  of 40 n a u t i c a l  m i l e s  ( t h i s  a l t i -  
t u d e  f o r  a p o l u n e  was chosen  i n  o r d e r  t o  i n s u r e  t h a t  t h e  CSM 
would a l w a y s  b e  w i t h i n  r e n d e z v o u s  r a d a r  r a n g e  l o n g  b e f o r e  t h e  
f i r s t  c i r c u l a r i z a t i o n  m a n e u v e r ) .  The C D H l  maneuver  e s t a b l i s h e s  
a c i r c u l a r ;  o r b i t  t h e r e b y  c r e a t i n g  c n n d i t . i n n s  very f a v o r a b l e  f o r  
t h e  s u b s e q u e n t  CSI maneuver .  S i n c e  CSI i s  p e r f o r m e d  on a c i r -  
c u l a r  o r b i t ,  t h e  d i r e c t i o n  of t h e  CSI b u r n  i s  a l w a y s  a l o n g  t h e  
v e l o c i t y  v e c t o r  as w e l l  a s  a l o n g  t h e  l o c a l  h o r i z o n t a l  s o  t h e  
b u r n  i s  t h e  mos t  e f f i c i e n t  p o s s i b l e  i n  terms o f  AV. The c i r -  
c u l a r  o r b i t  a l s o  a l l o w s  CSI t o  b e  d e l a y e d  u n t i l  l i g h t i n g  and  
t r a c k i n g  c o n d i t i o n s  a r e  t h e  most  f a v o r a b l e .  

S p e c i f i c  e q u a t i o n s  f o r  on-board c a l c u l a t i o n  o f  t h e  
CDH and  CSI maneuvers  a r e  g i v e n  i n  t h e  P r o f i l e  C a l c u l a t i o n s  
s e c t i o n  o f  t h i s  r e p o r t .  These e q u a t i o n s  a r e  d e v e l o p e d  t o  i l l u s -  
t r a t e  t h e  s i m p l i c i t y  o f  t h e  c a l c u l a t i o n s  i n v o l v e d ;  it i s  f e l t  
b y  t h e  a u t h o r s  t h a t  t h e s e  c a l c u l a t i o n s  c o u l d  b e  p e r f o r m e d  by 
t h e  u s e  of s u i t a b l e  c h a r t s  p r e p a r e d  p r e - f l i g h t .  

I n  t h i s  r e p o r t  CSI a n d  T P I  a re  p l a c e d  a t  t h e  same 
l o n g i t u d e  ( o v e r  t h e  l a n d i n g  s i t e )  s i n c e  t h e  most  f a v o r a b l e  
l i g h t i n g  and  t r a c k i n g  c o n d i t i o n s  f o r  T P I  a r e  a l s o  v e r y  f a v o r a b l e  
f o r  CSI.  The p l a c e m e n t  o f  T P I  was g u i d e d  by  t h e  f o l l o w i n g  
i d e n t i f i e d  c o n s t r a i n t s .  
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1. A r e q u i r e m e n t  f o r  15 m i n u t e s  o f  LM t o  CSM v i s i b i l i t y  
p r i o r  t o  T P I  w i t h  t h e  l i n e  o f  s i g h t  30' c l e a r  o f  t h e  
s u n  l i n e .  I* 

2. O p t i c a l  t r a c k i n g  r e q u i r e m e n t s  as follows: 2 

( a )  C o n t i n u o u s  CSM ( o p t i c a l )  t r a c k i n g  o f  
t h e  LM from a p p r o x i m a t e l y  35 m i n u t e s  
b e f o r e  T P I  u n t i l  1 5  m i n u t e s  b e f o r e  T P I .  

( b )  C o n t i n u o u s  CSM ( o p t i c a l )  t r a c k i n g  o f  
t h e  LM from 5 m i n u t e s  a f t e r  T P I  t h r o u g h  
t h e  l a s t  t e r m i n a l  m i d c o u r s e  c o r r e c t i o n ,  
a p p r o x i m a t e l y  30  m i n u t e s  a f t e r  T P I .  

( c )  The LM must n o t  b e  s e p a r a t e d  from t h e  
CSM by more t h a n  1 0  n . m i .  when t h e  un- 
docked  v e h i c l e s  e n t e r  t h e  r e g i o n  o f  a 
l i g h t e d  l u n a r  background a t  t h e  end  
o f  t h e  t e r m i n a l  t r a n s f e r .  

3.  The t i m e  be tween MSFN t r a c k i n g  a c q u i s i t i o n  and 
e x e c u t i o n  o f  a maneuver s h o u l d  be a b o u t  2 0  m i n u t e s .  
T h i s  a l l o w s  a p p r o x i m a t e l y  1 0  m i n u t e s  f o r  t r a c k i n g , ,  
2 t o  3 m i n u t e s  for up l i n k  o f  d a t a  and  a p p r o x i m a t e l y  
7 m i n u t e s  on-board f o r  v e r i f i c a t i o n  and  p r e - t h r u s t  
maneuver ing .  3 

The f i r s t  o f  t h e s e  c o n s t r a i n t s  can  b e  s a t i s f i e d  b y  p l a c i n g  T P I  
fic s c o n e r  t h a n  32 m i n u t e s  b e f o r e  t h e  CSM e n t e r s  d a r k n e s s .  The 
o p t i c a l  c o n s t r a i n t s  can  b e  s a t i s f i e d  by p l a c i n g  TPI be tween  5 
and  35 m i n u t e s  p r i o r  t o  CSM e n t r a n c e  i n t o  d a r k n e s s .  The l a s t  
c o n s t r a i n t  can  b e  s a t i s f i e d  by p l a c i n g  t h e  CSM's T P I  p o s i t i o n  
be tween  50° eas t  and  50' west o f  t h e  ear th-moon l i n e .  

If t h e  l a n d i n g  s i t e s  be tween  42'E l o n g i t u d e  and  42OW 
l o n g i t u d e  are c o n s i d e r e d  a l l  o f  t h e  above  c o n s t r a i n t s  c a n  be  
s a t i s f i e d  by p l a c i n g  T P I  o v e r  t h e  l a n d i n g  s i t e .  With CSI a l s o  
p l a c e d  o v e r  t h e  l a n d i n g  s i t e  t h e  l a u n c h  window and t h e  n o m i n a l  
t imes  for a l l  maneuvers  a r e  t h e  same f o r  a l l  l a n d i n g  s i t e s .  

PROFILE CALCULATIONS 

The powered a s c e n t  from l a u n c h  t o  i n s e r t i o n .  

The p r e s e n t  LM g u i d a n c e  e q u a t i o n s  u s e d  from LM l u n a r  
l a u n c h  t o  o r b i t  i n s e r t i o n  a r e  b a s e d  on a n  e x p l i c i t  g u i d a n c e  
scheme which  c o n t r o l s  i n s e r t i o n  a l t i t u d e  and  t h e  i n s e r t i o n  
v e l o c i t y  v e c t o r .  

*While t h i s  c o n s t r a i n t  o r i g i n a t e d  w i t h  o p t i c a l  t r a c k e r  
c o n s i d e r a t i o n s ,  i t  i s  assumed t h a t  a s t r o n a u t  v e r i f i c a t i o n  o f  CSM 
e l e v a t i o n  a t  T P I  w i l l  a l s o  r e q u i r e  a l i n e  o f  s i g h t  c l e a r  o f  t h e  s u n .  
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The scheme p r e s e n t e d  i n  t h i s  r e p o r t  c o n s i s t s  o f  

a n  open l o o p  powered a s c e n t  up t o  a f i x e d  t i m e  p r i o r  t o  nom- 
i n a l  o r b i t  i n s e r t i o n  f o l l o w e d  by c l o s e d  l o o p  g u i d a n c e  f o r  
t h e  r e m a i n d e r  of  powered a s c e n t .  A v e r t i c a l  r i s e  for a s p e c i -  
f i e d  t i m e ,  a p i t c h  o v e r  a t  a h i g h  p i t c h  r a t e  f o r  a s p e c i f i e d  
t i m e ,  f o l l o w e d  b y  a low p i t c h  r a t e  c o n s t i t u t e s  t h e  open l o o p  
p o r t i o n  o f  t h e  p r o f i l e .  The f i v e  c o n s t a n t s  i n v o l v e d  ( v e r t i c a l  
r i s e  t i m e ,  h i g h  p i t c h  r a t e ,  h i g h  p i t c h  r a t e  t i m e ,  s l o w  p i t c h  
r a t e ,  and  g u i d a n c e  s w i t c h - o v e r  t i m e )  are based on a nomina l  
p r e - t a r g e t e d  t r a j e c t o r y .  The g u i d a n c e  mode employed i s  t h e  

w e l l  known v,xv, = 0 ( c r o s s  p r o d u c t  s t e e r i n g )  e x p l i c i t  scheme.  

The c r o s s  p r o d u c t  e q u a t i o n s  u s e d  i n v o l v e  t h e  d e r i v a -  
t i v e  o f  t h e  r e q u i r e d  v e l o c i t y  e q u a t i o n  (m). T h i s  d e r i v a t i v e  
can  be  e i t h e r  a n a l y t i c a l l y  e v a l u a t e d  o r  a p p r o x i m a t e d  by f i r s t  

d i f f e r e n c e s .  The n e e d  f o r  t h i s  d e r i v a t i v e  can  b e  e l i m i n a t e d  
i f  t h e  vGxAt = 0 law i s  employed r a t h e r  t h a n  v,xv, = 0 law. 
The  s i m p l e r  a l t e r n a t i v e  (v,xkt = 0) was s t u d i e d  and  was found 
t o  b e  p r o b l e m a t i c a l  i n  t h a t  a l a rge  d i s c o n t i n u i t y  i n  t h e  commanded 
t h r u s t  d i r e c t i o n  o c c u r s  a t  gu idance  s w i t c h - o v e r .  I n  a d d i t i o n ,  
n e g l e c t i n g  t h e  vr and  
i n s e r t i o n  a l t i t u d e s .  
r e s u l t s  i n  a n  improved  c l o s e d - l o o p  sys t em a t  t h e  c o s t  o f  t h e  
compute r  memory r e q u i r e d  t o  make t h e  c a l c u l a t i o n .  

a c c e l e r a t i o n s  would r e s u l t  i n  l ower  
C a l c u l a t i o n  o f  t h e  d e r i v a t i v e  o f  vr 

The s p e c i f i c  on-board e q u a t i o n s  r e q u i r e d  f o r  t h i s  
 owere red a s c e n t  mode a re  deve lnped  ir! Appenrl ix  T T .  

The f i r s t  c o n s t a n t  d e l t a  he igh t .  maneuver  ( C D H 1 )  

C D H l  i s  a c i r c u l a r i z a t i o n  maneuver  pe r fo rmed  a t  
a p o l u n e  o f  t h e  i n s e r t i o n  o r b i t .  F o r  a n o m i n a l  i n s e r t i o n  t h i s  
maneuver  o c c u r s  a e p r o x i m a t e l y  56 m i n u t e s  a f t e r  S I .  The re- 
q u i r e d  t i m e  and AV for t h i s  maneuver can  b e  computed on-board 
u s i n g  t h e  f o l l o w i n g  c a l c u l a t i o n s :  

u R  
2~ - RV 2 

a =  
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= t i m e  a t  which C D H l  s h o u l d  o c c u r .  % D H ~  

= t i m e  a t  which S I  o c c u r e d .  

R, 7 = any p o s i t i o n  and  v e l o c i t y  a t t a i n e d  
a f t e r  S I  ( t h i s  c a n  b e  a n  u p d a t e d  
s t a t e  v e c t o r  o b t a i n e d  f r o m  t h e  r e n d e z -  
vous  r a d a r ) .  

R A ,  VA = r a d i u s  and v e l o c i t y  a t  a p o l u n e  
( o b t a i n e d  w i t h  K E P L E R  r o u t i n e )  

U = u n i t  l o c a l  h o r i z o n t a l  v e c t o r  a t  
A 

f l i g h t  a z i m u t h . *  

For c e n t r a l  and  e a s t e r n  l a n d i n g  s i t e s  i t  i s  e x p e c t e d  t h a t  g r o u n d  
t r a c k i n g  a n d  communica t ion  t i m e  w i l l  be  s u f f i c i e n t  t o  p e r m i t  

t h e  r e q u i r e d  t i m e  and  AT t o  b e  s u p p l i e d  f r o m  t h e  g r o u n d .  For 
f a r  w e s t e r n  l a n d i n g  s i t e s  (42OW) t h e  t i m e  be tween  S I  and  l o s s  
o f  MSFIi i s  a p p r o x i m a t e l y  1 0  m i n u t e s .  S i n c e  t h i s  may p r o v e  
t o  b e  i n s u f f i c i e n t  t i m e  f o r  a g r o u n d  based  c o m p u t a t i o n  t h e  
maneuver  may h a v e  t o  b e  computed on-board  i n  t h i s  c a s e .  Tabu- 
lar da ta  may, however ,  b e  s u f f i c i e n t  f o r  t h i s  c a l c u l a t i o n .  

The C o n c e n t r i c  Sequence  I n i t i a t i o n  (CSI) 

inlith t h i s  p r o f i l e  t h e  CSI maneuver  i s  t h e  i n i t i a t i o n  
o f  a Hohmann t r a n s f e r .  T h i s  maneuver  o c c u r s  on t h e  f r o n t  s i d e  
o f  t h e  moon a n d  i s  p l a c e d  s o  t h a t  s u f f i c i e n t  t i m e  i s  a v a i l a b l e  
f o r  g r o u n d  t r a c k i n g ,  g round  c o m p u t a t i o n ,  and  data  u p - l i n k i n g  
b o t h  b e f o r e  and  a f t e r  t h e  maneuver .  I n  t h i s  s t u d y  CSI i s  p l a c e d  
s o  as t o  o c c u r  o v e r  t h e  l a n d i n g  s i t e .  A s  m e n t i o n e d  e a r l i e r ,  
p l a c i n g  CSI o v e r  t h e  l a n d i n g  s i t e  s a t i s f i e s  l i g h t i n g  and  t r a c k i n g  
c o n s t r a i n t s  f o r  a l l  l a n d i n g  s i t e s  and  for a l l  a n t i c i p a t e d  l i g h t -  
i n g  c o n d i t i o n s ;  i t  d o e s  n o t ,  however ,  maximize t h e  d u r a t i o n  o f  
t h e  l a u n c h  window. 

* 
The A a p p e a r i n g  o v e r  a q u a n t i t y  i s  u s e d  t o  d e s i g n a t e  a 

u n i t  v e c t o r .  
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If loss of ground tracking or ground communication 
occurs, the time for this maneuver and the required A v  can be 
computed on-board using the following method. 

First we consider the calculation of CSI time after 
the first CDH maneuver has been executed. Referring to Figure 
2, the angle 4 between the LM present position and the position 
at TPI is calculated. First a unit vector in the direction of 
the CM's TPI position is projected into the LM's flight plane. 

h 

PRTPI = NRTPI x E 

where NR+PI = E x RTPI 

is the angular nomenturn vector of the LM 
orbit i.e., (Kxff).  
RTPI is the position vector of the CM at TPI. 

Then 4 is given by 

-1 ,. 4 = [ l - ( S ) l ]  [l-(D)l]n +S COS [R-PRTPI] 

The CM's lead angle at TPI is given by 

A h  cot EL 
R A +  = 

where : Ah =; differential height between 
CM orbits at TPI 

I an( 

EL = elevation of CM above LM local 
horizon at TPI 

(4) 

(5) I 

R = LM orbital radius. 
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The  t o t a l  c o a s t  a n g l e  from p r e s e n t  p o s i t i o n  t o  t h e  LM p o s i t i o n  
a t  T P I  i s  t h e n  

The time f o r  CSI e x e c u t i o n  i s  

( 7 )  - t ~ ~ ~ )  A -TI - W ( t  I +  2 TPI w2 

wl - w2 
= T [1+ 

wl - w2 % S I  

where 

W1 = o r b i t a l  r a t e  a t  C D H l  a l t i t u d e  = 

is W2 = o r b i t a l  r a t e  a t  C D H 2  a l t i t u d e  = 

T = p r e s e n t  time 

= t i m e  o f  T P I  s u p p l i e d  f rom g round  or c h a r t  t~~~ 

RP = p e r i l u n e  of t r a n s f e r  f rom CSI t o  CDH2 

RA = a p o l u n e  o f  t r a n s f e r  f rom CSI t o  C D H 2 .  

The A 7  a t  CSI 

AT = 

where 

c a n  b e  computed u s i n g  

[$-- ( R A  + R P )  RP ;] - v  

- 
V = LM v e l o c i t y  a t  t i m e  of  CSI ( o b t a i n e d  w i t h  

K e p l e r  r o u t i n e ) .  
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The s e c o n d  c o n s t a n t  d e l t a  h e i g h t  maneuver  ( C D H 2 )  

T h i s  maneuver  i s  t h e  same as C D H l  e x c e p t  t h a t  f o r  
a l l  n o m i n a l  m i s s i o n s  t h e  c o m p u t a t i o n s  are done  on t h e  g r o u n d .  

The t e r m i n a l  p h a s e  i n i t i a t i o n  maneuver  ( T P I )  

A nomina l  t i m e  f o r  T P I  i s  g i v e n  t o  t h e  LM b e f o r e  
l a u n c h .  T h i s  n o m i n a l  t i m e  i s  u s e d  t o  t a r g e t  t h e  CSI maneuver .  
Because  of d i s p e r s i o n s  i n  t h e  CSI and  C D H 2  maneuver  t h e  a c t u a l  
t i m e  o f  T P I  w i l l  d i f f e r  somewhat f rom t h e  nomina l  t i m e .  Or- 
d i n a r i l y ,  t h e  a c t u a l  t i m e  of T P I  and  t h e  AT f o r  t h e  maneuver  
a re  computed on t h e  g r o u n d .  I n  t h e  c a s e  o f  g round  t r a c k i n g  
or communica t ion  f a i l u r e  t h e  a c t u a l  t i m e  o f  T P I  c a n  b e  o b t a i n e d  
on-board  a s  f o l l o w s :  

P r o p o g a t e  b o t h  v e h i c l e s  t o  t h e  nomina l  t ime o f  
T P I  u s i n g  t h e  KEPLER r o u t i n e .  

C a l c u l a t e  t h e  c e n t r a l  a n g l e  be tween  t h e  LM 
p o s i t i o n  and i t s  d e s i r e d  T P I  p o s i t i o n .  

I 

A = A - 2 7  

where A i s  c a l c u l a t e d  u s i n g  E q u a t i o n  ( 6 ) .  

O b t a i n  a new e s t i m a t e  f o r  tTpI: 

where W1 = o r b i t a l  a n g u l a r  r a t e  of t h e  LM 

W 2  = o r b i t a l  a n g u l a r  r a t e  of  t h e  C S M .  

By r e p e a t i n g  t h e  above  p r o c e s s  u s i n g  t h e  new est imate  as a n  
i n p u t  t h e  t i m e  of T P I  c a n  be  o b t a i n e d  t o  any d e s i r e d  d e g r e e  
o f  a c c u r a c y .  

The AT f o r  t h e  maneuver i s  o b t a i n e d  a s  f o l l o w s :  
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Propagate the LM to the time of TPI using the 
KEPLER routine (position z). 
Propagate the CSM to the time of rendezvous (position 

IFL anci rendezvous is set prior to the mission 
and is independent of Ah) .  

- 
R2) using the KEPLER routine (the tine betweeE 

I I ) T  

Obtain the desired LM velocity vectora at TPI 
(VTPI) using the TIME-THETA routine iteratively 
to determine P in conju,iction with the following 
equation. 4 

P VTPI = ~1 ~2 Sine 

where: 8 = the angle between R1 and R2 

P = semi-latus rectum of transfer ellipse 

Then A% = VTPI - v. 

Midcourse Corrections 

With TPI over the landing site the time between TPI 
and l o s s  o f  MSFN is approximately 23 minutes for a 42OW site and 
much longer f o r  central and eastern sites. This should be ample 
time for ground computation o f  a midcourse correction. If f o r  
some reason a midcourse correction is desired and the ground 
cannot supply it (for example, a second mid-course correction) 
the computation can be done on-board using the technique used 
f o r  determining VTPI. 

PERFORMANCE AND DISPERSIONS 

Powered Ascent 

A preliminary determination of the validity o f  powered 
ascent using an open loop pitch profile followed by cross product 
steering was performed by testing the behavior o f  these equa- 
tions f o r  b o t h  nominal and perturbed cases. For this preliminary 
study, perturbations were considered singly, no correlation 
effects were considered. The results show that it is possible 
t o  achieve cut off conditions which meet the standard insertion 
target conditions at apolune very precisely. The guidance 
scheme does not control altitude at standard insertion. For 
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t h i s  r e a s o n  t h e  open l o o p  p o r t i o n  of  t h e  a s c e n t  p r o f i l e  must  
b e  d e s i g n e d  s u c h  t h a t  a s a f e  i n s e r t i o n  a l t i t u d e  i s  a s s u r e d  i n  
t h e  p r e s e n c e  of  w o r s t  c a s e  i n i t i a l  c o n d i t i o n s  ( w o r s t  c a s e  ve- 
h i c l e  p e r f o r m a n c e  c h a r a c t e r i s t i c s ,  and  w o r s t  c a s e  e r r o r  s o u r c e s ) .  
The s i m u l a t i o n s  p e r f o r m e d  i n d i c a t e  t h a t  s a fe  i n s e r t i o n  c o n d i -  
t i o n s  w i l l  b e  o b t a i n e d  f o r  a wide s e t  of  p e r t u r b a t i o n s .  The 
r e s u l t i n g  e r r o r s  i n t r o d u c e d  a t  t h e  t a r g e t  p o i n t  ( a p o l u n e )  c a n  
b e  a b s o r b e d  i n  l a t e r  maneuver s .  

Two d i f f e r e n t  g u i d a n c e  s w i t c h - o v e r  t i m e s  were exam- 
i n e d ,  one 200  s e c o n d s  a f t e r  l i f t o f f  ( a p p r o x i m a t e l y  h a l f w a y  
t h r o u g h  t h e  b u r n ) ,  and  one 386 s e c o n d s  a f t e r  l i f t o f f  ( a p p r o x -  
i m a t e l y  1 4  s e c o n d s  p r i o r  t o  nomina l  c u t o f f ) .  I n  b o t h  c a s e s  
s a fe  i n s e r t i o n  c o n d i t i o n s  r e s u l t e d .  

S w i t c h - o v e r  a t  t he  e a r l i e r  t i m e  p r o d u c e s  more a c c u r a t e  
t a r g e t  c o n d i t i o n s  b u t  g e n e r a l l y  r e s u l t s  i n  l o w e r  i n s e r t i o n  a l t i -  
t u d e .  Late s w i t c h - o v e r  r e s u l t s  i n  a w i d e r  d i s p e r s i o n  i n  i n s e r -  
t i o n  a l t i t u d e  and  s l i g h t l y  l e s s  a c c u r a c y  i n  i n s e r t i o n  v e l o c i t y  
d i r e c t i o n .  

The r e s u l t s  of  t h e s e  s i m u l a t i o n s  a r e  g i v e n  i n  d e t a i l  
i n  T a b l e  I .  R e s u l t s  o b t a i n e d  f o r  open l o o p  f l i g h t  to c u t o f f  
a r e  a l s o  g i v e n .  The c u t o f f  i n  t h i s  c a s e  was d e t e r m i n e d  by t h e  
a t t a i n m e n t  of a p r e s e t  i n e r t i a l  v e l o c i t y  m a g n i t u d e .  One open 
l o o p  f l i g h t  (3a low t h r u s t )  r e s u l t e d  i n  u n s a f e  i n s e r t i o n  con- 
d i t i o n s .  

The 2 0 0  s e c o n d  s w i t c h - o v e r  r e s u l t e d  i n  a maximum 
d i s p e r s i o n  i n  a p o l u n e  time o f  a r r i v a l  of  a p p r o x i m a t e l y  & 2 0  
s e c o n d s ,  t h e  p a r t i c u l a r  e r r o r  s o u r c e  i n  t h i s  c a s e  b e i n g  3a 
h i g h  and  low t h r u s t .  The f l i g h t  p l a n  c o n s i d e r e d  c a n  h a n d l e  
t h i s  d i s p e r s i o n  w i t h i n  t h e  p l a n n e d  r a n g e  o f  d i f f e r e n t i a l  a l t i -  
t u d e s .  The d i s p e r s i o n  i n  a p o l u n e  a r r i v a l  t i m e  c a n  be e q u a t e d  
t o  d i s p e r s i o n s  i n  l i f t - o f f  t i m e ,  hence  a 40  s e c o n d  r a n g e  i n  
a p o l u n e  a r r i v a l  t i m e  r e s u l t s  i n  a r e d u c t i o n  o f  4 0  s e c o n d s  i n  
t h e  a v a i l a b l e  l u n a r  l a u n c h  window. 

The nV c o s t s  a s s o c i a t e d  w i t h  t h i s  powered a s c e n t  
scheme f o r  t h e  nomina l  and  p e r t u r b e d  c a s e s  a r e  g i v e n  i n  
T a b l e  I .  The p r e s e n t  b u d g e t  a l l o w s  6030 f e e t  p e r  s e c o n d  f o r  
l a u n c h  i n t o  t h e  nomina l  10  n .mi .  b y  30 n .mi .  o r b i t  w i t h  a n  a d d i t i o n a l  
30 f p s  b u d g e t e d  f o r  f l e x i b i l i t y  and  d i s p e r s i o n s .  The t r a j e c -  
t o r i e s  i n  T a b l e  I employ a nomina l  8 .25  n .mi .  by 40 n . m i .  
i n s e r t i o n .  The s t a n d a r d  open l o o p  ( u n p e r t u r b e d )  t a r g e t  r u n  
t o  i n s e r t i o n  r e q u i r e d  6010 f e e t  p e r  s e c o n d .  Employing a 2 0 0  
s e c o n d  s w i t c h - o v e r  t i m e  r e q u i r e d  5998 f e e t  p e r  s e c o n d  and  
r e s u l t e d  i n  a 6 . 3  n .mi .  by 40 n .mi .  o r b i t .  Gu iaance  s w i t c h -  
o v e r  a t  386.5 s e c o n d s  d o e s  n o t  p r o d u c e  a s i g n i f i c a n t l y  d i f f e r e n t  
AV c o s t  t h a n  t h e  200  s e c o n d  s w i t c h - o v e r .  
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Minimum Ah 

I n  o r d e r  t o  o b t a i n  t h e  l o n g e s t  p o s s i b l e  l a u n c h  window 
i t  i s  d e s i r a b l e  t o  u s e  t h e  w i d e s t  p o s s i b l e  r a n g e  of Ah. Maxi- 
mum Ah i s  r e s t r i c t e d ,  o f  c o u r s e ,  t o  be  l e s s  t h a n  or e q u a l  t o  
t h e  d i f f e r e n t i a l  h e i g h t  a t  C D H l  u n l e s s  a r e t r o g r a d e  maneuver  
i s  p e r m i t t e d  a t  CSI.  Minimum Ah i s  r e s t r i c t e d  by t h e  amount 
o f  d i s p e r s i o n  t h a t  c a n  b e  t o l e r a t e d  i n  t h e  time o f  T P I .  The 
d i s p e r s i o n  i n  TPI t i m e  grows r a p i d l y  as Ah i s  r e d u c e d  be low 
1 0  n a u t i c a l  mi l e s .  T h i s  i s  shown i n  F i g u r e  3 which  i s  a g r a p h  
o f  t h e  f o l l o w i n g  e q u a t i o n .  

- OA - 
O t  w1 - w2 

where o = d i s p e r s i o n  i n  T P I  t i m e  t 

= d i s p e r s i o n  i n  CSM lead a n g l e  
a t  t i m e  o f  n o m i n a l  T P I  OA 

Wl = o r b i t a l  a n g u l a r  r a t e  o f  t h e  LM 

W2 = o r b i t a l  a n g u l a r  r a t e  o f  t h e  CSM 

I n  t h i s ,  r e p o r t  a minimum Ah o f  1 0  n .mi .  and  a maximum Ah o f  
2 0  n . m i .  was u s e d  f o r  a l l  c a l c u l a t i o n s .  T h i s  r e s u l t s  i n  a 
l a u n c h  window d u r a t i o n  o f  80 s e c o n d s .  A s  m e n t i o n e d  e a r l i e r  
t h e  d i s p e r s i o n  i n  t h e  t i m e  o f  C D H l  c a n  b e  as g rea t  as +20 
s e c o n d s  ( f o r  30 h i g h  and  low t h r u s t ) .  T h i s  r e d u c e s  t h e  l a u n c h  
window t o  a n  e f f e c t i v e  l e n g t h  o f  40  s e c o n d s .  

CONCLUSIONS 

I t  i s  c o n c l u d e d  t h a t  c o n s i d e r a b l e  LGC s o f t w a r e  s i m -  
p l i f i c a t i o n  c a n  be  a c h i e v e d  by employ ing  one or b o t h  o f  t h e  
m o d i f i c a t i o n s  p r e s e n t e d  h e r e ,  namely t h e  s i m p l i f i c a t i o n  o f  
powered  a s c e n t  g u i d a n c e  and  the  s i m p l i f i c a t i o n  o f  on-board  
r e n d e z v o u s  c a l c u l a t i o n s  made p o s s i b l e  by g r e a t e r  r e l i a n c e  on 
g r o u n d  s u p p o r t .  The i n t r o d u c t i o n  o f  a d e l a y e d  CSI p r o v i d e s  
a d d i t i o n a l  MSFN c o v e r a g e  t o  s u p p o r t  t h e  u s e  o f  t h e s e  r e n d e z -  
vous  c a l c u l a t i o n s .  I n  a d d i t i o n  i t  may be p o s s i b l e  t o  p e r f o r m  
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t h e  CSI and  CDH c a l c u l a t i o n s  d e s c r i b e d  by means o f  g r a p h i c a l  
or t a b u l a t e d  data .  It  s h o u l d  be  emphas ized  t h a t  t h e  two modi- 
f i c a t i o n s  a re  i n d e p e n d e n t ;  e a c h  c a n  be  u s e d  a l o n e  and  e a c h  
l e a d s  t o  a s i g n i f i c a n t  r e d u c t i o n  i n  s o f t w a r e .  

I t  i s  shown tha t  t h i s  s o f t w a r e  s i m p l i f i c a t i o n  can  
be a c h i e v e d  w i t h  n e a r l y  t h e  same p e r f o r m a n c e  r e q u i r e m e n t s  w h i l e  
m e e t i n g  p r e s e n t l y  i d e n t i f i e d  c o n s t r a i n t s .  F u r t h e r  v a l i d a t i o n  
o f  d i s p e r s i o n s ,  s a f e t y ,  and  m i s s i o n  s u c c e s s  p r o b a b i l i t i e s  
would  h a v e  t o  be  p e r f o r m e d  b e f o r e  t h i s  scheme c o u l d  be  con- 
s i d e r e d  f o r  a c t u a l  u s e .  

Based on t h e  s p e c i f i c  e q u a t i o n s  and  p r e s e n t  LGC pro -  
grams r e t a i n e d  f o r  t h e  i m p l e m e n t a t i o n  o f  t h i s  LM a s c e n t  p r o f i l e  
i t  i s  es t imated  (Appendix  I )  t h a t  a s e v e n t y - f i v e  p e r c e n t  r e d u c t i o n  
i n  LGC s o f t w a r e  r e q u i r e m e n t s  a s s o c i a t e d  w i t h  LM a s c e n t  and 
r e n d e z v o u s  c o u l d  be a c h i e v e d .  

D .  R .  Anselmo 

2 0 1 3 - D J T - ~ r b  DRA 

A t t a c h m e n t s  : 
R e f e r e n c e s  
Appendix I 
Appendix I1 
T a b l e  I 
F i g u r e s  1, 2 ,  3 

D .  J .  Toms 
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PROGRAMS 

The f l i g h t  s o f t w a r e  r e q u i r e d  f o r  t h i s  a s c e n t  and 
r e n d e z v o u s  p r o f i l e  can  be c o n v e n i e n t l y  d i v i d e d  be tween  nomina l  
and  backup r e q u i r e m e n t s .  The f o l l o w i n g  l i s t  summar izes  t h e  
n o m i n a l  LGC r e q u i r e m e n t s  i n  te rms  of p r e s e n t  p rograms  and 
s p e c i f i c  e q u a t i o n s  which  have  been  d e v e l o p e d  i n  t h e  t e x t . *  

1. 

2. 

3 .  

4. 

5 .  

P r e - l a u n c h  - Ground c a l c u l a t i o n s .  

Powered a s c e n t .  

( a )  Open l o o p  E q u a t i o n s  A I I - 1 ,  A I I - 2 ,  AII-3.  

( b )  Guided f l i g h t  E q u a t i o n s  A I I - 4 ,  A I I - 1 2 .  

( e )  P r e s e n t  c r o s s  p r o d u c t  s t e e r i n g  r o u t i n e .  

CDH maneuver  

( a )  P r e s e n t  E x t e r n a l  AV program.  

( b )  P r e s e n t  c r o s s  p r o d u c t  s t e e r i n g  r o u t i n e .  

( e )  P r e s e n t  c o n i c  K e p l e r  r o u t i n e .  

( d )  E q u a t i o n s  (l), ( 2 1 ,  and  ( 3 ) .  

CSI maneuver  

( a )  P r e s e n t  E x t e r n a l  AV program.  

( b )  P r e s e n t  c r o s s  p r o d u c t  s t e e r i n g  r o u t i n e .  

( e )  Ground c a l c u l a t i o n s .  

T P I  maneuver  

( a )  P r e s e n t  E x t e r n a l  AV program.  

( b )  P r e s e n t  c r o s s  p r o d u c t  s t e e r i n g  r o u t i n e .  

( e )  Ground c a l c u l a t i o n s .  

* 
S u p p o r t i n g  r o u t i n e s  such as Middle g i m b a l  and  S e r v i c e r  have 

not b e e n  c o n s i d e r e d  i n  t h i s  l i s t  b u t  are i n c l u d e d  i n  t h e  LGC word 
es t imates  g i v e n  a t  t h e  end of t h i s  a p p e n d i x .  
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6 .  M i d c o u r s e  maneuvers  

( a )  P r e s e n t  E x t e r n a l  AV p rogram.  

( b )  P r e s e n t  c o n i c  T i m e - t h e t a  and K e p l e r  r o u t i n e s .  

( e )  P r e s e n t  c r o s s  p r o d u c t  s t e e r i n g  r o u t i n e .  

( d )  E q u a t i o n  (11) and  ( 1 2 ) .  

S u g g e s t e d  backup p rograms  f o r  t h e  LGC which  are  a d d i t i o n s  t o  
t h e  n o m i n a l  p r o g r a m s :  

1. CSI maneuver  - E q u a t i o n s  (4), (5), (6), ( 7 )  and  ( 8 ) .  

2 .  T P I  maneuver  - E q u a t i o n s  (4), (5), (6), ( 9 )  and ( 1 0 ) .  

P r e s e n t  p rograms  and  r o u t i n e s  which  are  employed for LM powered 
a s c e n t  and  r e n d e z v o u s  maneuvers  a re  g i v e n  i n  t h e  f o l l o w i n g  
l i s t s .  The MIT b u d g e t  and t h e  e s t i m a t e d  word r e q u i r e m e n t s  a re  
g i v e n .  

PROGRAMS 
AGS I n i t i a l i z a t i o n  

Rendezvous Out o f  P l a n e  D i s p l a y  

P r e f e r r e d  T r a c k i n g  A t t i t u d e  

E x t e r n a l  AV 

P r e d i c t e d  T ime  o f  Launch 

G e n e r a l  L a m b e r t  

APS Abor t  

T h r u s t  m o n i t o r  

CSI P r e - t h r u s t  

CDH P r e - t h r u s t  

T P I  P r e - t h r u s t  

TPM P r e - t h r u s t  

APS t h r u s t  

PRESENT BUDGET 

1 0 0  

1 2 0  

50 

150 

200 

120 

100 

70 

7 0  

100 

460 

95 

30 

NEW ESTIMATE 
100 

0 

50 

50 

0 

0 

100 

0 

0 

0 

0 

0 

30 
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B a s i c  R o u t i n e s  

Conic  

O r b i t  I n t e g r a t i o n  

L a t i t u d e  L o n g i t u d e  A l t i t u d e  

P l a n e t a r y  I n i t i a l  O r i e n t a t i o n  

I n i t i a l  V e l o c i t y  

Rendezvous P a r a m e t e r  

Middle  G i m b a l  

Target R o u t i n e s  

P r e d i c t e d  Launch T i m e  ( C G P )  

CSI I n i t i a t i o n  

C o n s t a n t  Delta A l t i t u d e  

T P I  I n i t i a t i o n  

P r e d i c t e d  Launch T i m e  ( D . T . )  

T P I  S e a r c h  

Powered F l i g h t  R o u t i n e s  

S e r v i c e r  

C r o s s  P r o d u c t  S t e e r i n g  

VG c a l c u l a t i o n  

T ime  of  Burn C a l c u l a t i o n  

Ascen t  Guidance  

T o t a l s  

1050 

1400 

170 

2 80 

75 

90 

75 

650 

440 

300 

0 

100 

200 

850 

75 

100 

105 

700 

8325 

800 

0 

0 

0 

0 

0 

0 

0 

130 

50 

120 

0 

0 

500 

60 

0 

0 

100 

2 0 9 0  

I t  s h o u l d  be n o t e d  t h a t  w h i l e  t h e s e  e s t i m a t e s  i n c l u d e  on-board  
c a l c u l a t i o n s  of b o t h  t h e  CDH and CSI maneuvers  t h e  p o s s i b i l i t y  
of u s i n g  on-board  c h a r t s  for t h e s e  maneuver s  h a s  n o t  b e e n  ex- 
c l u d e d .  
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APPENDIX I1 

Powered F l i g h t  E q u a t i o n s :  

The open l o o p  p o r t i o n  o f  a s c e n t  i s  p e r f o r m e d  i n  
t h r e e  s t a g e s .  The r e q u i r e d  a c c e l e r a t i o n  v e c t o r  d i r e c t i o n  i s  
g i v e n  by t h e  f o l l o w i n g  f o r  t h e  t h r e e  open l o o p  f l i g h t  p h a s e s ,  

where  

A A 

A t  = RL ( v e r t i c a l  r i s e )  O<T<TV 

A A n 

A t  = RL c o s  WhT - ULsin WhT 

( p i t c h  o v e r )  TV<T<TH 

h H  h H  
( l o w  p i t c h  r a t e )  TH<T<TSO 

A A A 

A t  = RL c o s  (WLT+W T ) - ULsin (WLT+W T ) 

n 

RL = u n i t  r a d i u s  v e c t o r  a t  l i f t o f f  

Wh = h i g h  p i t c h  r a t e  

W L  = low p i t c h  r a t e  

TV = d u r a t i o n  of v e r t i c a l  r i s e  

TH = TV + d u r a t i o n  o f  h i g h  p i t c h  r a t e  

T = e l a p s e d  t i m e  from l i f t o f f  

UL = u n i t  ( H x R L ) ,  where H i s  u n i t  a n g u l a r  momentum 
n A A  n 

v e c t o r  o f  des i red  o r b i t  

= t i m e  o f  s w i t c h - o v e r  t o  c l o s e d  l o o p  g u i d a n c e .  TSO 

A I I - 1  

A I I - 2  

A I I - 3  

The g u i d e d  p o r t i o n  o f  powered a s c e n t  i s  pe r fo rmed  w i t h  
t h e  c r o s s  p r o d u c t  s t e e r i n g  e q u a t i o n s  p r e s e n t l y  employed i n  t h e  
on-board  s o f t w a r e .  An a d d i t i o n a l  c a l c u l a t i o n  r e q u i r e d  i s  
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t h e  deve lopmen t  o f  t h e  r e q u i r e d  i n s t a n t a n e o u s  v e l o c i t y  (vR). 
The d e r i v a t i v e  o f  vR w i t h  r e s p e c t  t o  t i m e  mus t  a l s o  be computed.  
T h i s  c a n  be  done n u m e r i c a l l y  by first d i f f e r e n c e s  or a n a l y t i c a l l y .  
The vR e q u a t i o n  and t h e  a n a l y t i c  vR e q u a t i o n s  a re  d e v e l o p e d  i n  
what f o l l o w s .  

1/2 
6 

U RA + R) R 
- 
vR 

where 

R A  = a p o l u n e  t a r g e t  r a d i u s  

R = magni tude  o f  p r e s e n t  r a d i u s  v e c t o r  

v = l u n a r  g r a v i t a t i o n a l  c o n s t a n t  

U = u n i t  l o c a l  h o r i z o n t a l  (HxR) 
6 - _  

The n e c e s s a r y  e q u a t i o n  f o r  vR i s  now d e v e l o p e d  

- - j u t  VR = VR e 

6 - 
' T a n g e n t i a l  - - -  v - u  

R R where w = 

- 
V = a c t u a l  v e l o c i t y  

No te  t h a t  e ju t  i s  t h e  i n s t a n t a n e o u s  l o c a l  h o r i z o n t a l  i f  
w e  d e f i n e  

A I I - 4  

A I I - 5  

- j u t  h 

u O  * 
e o =  A I I - 6  
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T a k i n g  t h e  d e r i v a t i v e  of vR we o b t a i n  

where 

d R  
K d t  

dVR - RA + 2 R  
d t  '2, ( R + R A )  
- -  

Hence 

- 
A - 

- j u t  - -  - K -  d R  [e -J" t ]  - 'R '7 '1 j e  dVR 
d t  d t  

i f  w e  o b s e r v e  t h a t :  

- - 
d R  V * R  
d t  R 
- =  

AII-7 

AII-8 

A I I - 9  

A I I - 1 0  

- j u t  - A e - u  

- R  - A 

The r e q u i r e d  d e r i v a t i v e  i s  t h e n  g i v e n  by  

and  

t h e n  

A I I - 1 1  

- - - -  v*u  A - = K(T7 R ) U  - V R ( ~ )  R d t  
A 6  dVR 

A I I - 1 2  



- 0  

W h  m -  
l n w  

. .  
m o  

- 
m m  
Gda; m m  
m m  

m o  m o  

W- N 

0 - 0  N U  

O M  9- s 

I- z 
W 
0 
ro U 

W a 
W 
3 0 

I- 
O 
3 
a 
0 = n. 

M 
v) 
0 a O 

v) 

A 

n 

a 

a 
a 
a 
0 0 2 

z w 

0 
a 

c z 
W 
0 
v) U 

a 
Y a W 

z 
0 

a 
0 
0 2 

z 
W 
n. 0 

l n w  N W  

3 ?  
I 

N- 
N O  O Y  

9" 

N 

m f  
ln 

ln 
* In  

- . .  
m m  - . .  - 

m N 

m W m 
r- f -  -I- .Y 

f m 
m m- 

w m  
m o  m m  
. .  

- N  

m l n  m l n  
~. 

f W 

I 
- I n  

W 

- m  
00 O W  N M  m 

- 
0 

j W 

W m 

- 

- 
f 

IC 

ln 

m * 
m 

- 
IC 

W 
N 0 

m m 

m 

8 
W 

f 
m 

- 
m 
ln 

m 

f 

m 

m 

~ 

W 
f 
W 0 

I 

- 

f 

0, 0 
0 W 

- 

N 

f 0 f 

9 

5: 

Y) ln - 

r- 

N ln 
m 

ln ln 

0 

0 0 I. 

m f 

IC 

r. 
Y) W 

N ln 

h 

m 

W 
f 

m 
m 

- 
- 
m 
W N 

1 

r- 0 r- m 

I 

r- 0 
f m 

* 
f 
f N 

m 

m N 

s 
W 

r. 

Y) 
m rn 

W 

f 0 

s 

- 
W 

0 W 

- 
*- 
-2 
O Y  
W -  

m 
m 
3 

- 

ln 
0 

I 

W 
I- 
4 a 

n. 
I 
Y 
0 

z 0 

I- U a 

a 

- 

a 

- 

W 

N 

3 

- 
ln 0 

Y 
I- 
U a 

n. 
I 

Y 
0 

z 0 

I- U 

3 a 

- 

In 

m 
0 f 

0 

m 0 f 

w 
W 
I- W 

I U a 
U a 

n 
m 
a 

a 

W 

a 
I- - W 

z 
2 



. . .  





n 
I- 
m 
p: 
0 

- 

x 
v, o 

i 
z 
0 
(0 

I I I I - 0 N =I- 

3 H l l  I d 1  NI  NOISl l3dSla  3hIlVl38 

0 
0 

In 
N 

0 
N 

In - 

0 - 

In 

0 

c 
4 
LL 
0 

I 

0 



B E L L C O M M .  INC. 

S u b j e c t :  F e a s i b i l i t y  o f  A S i m p l i f i e d  F.rom: D .  R .  Anselmo 
LM Ascen t  and  Rendezvous D .  J .  Toms 
Scheme - Case 310 

D i s t r i b u t i o n  L i s t  

B e  1 1 c omm 

Messrs. A .  P .  Boysen,  Jr .  
J .  0. C a p p e l l a r i ,  Jr .  
D .  A .  Corey 
D .  A .  DeGraaf 
D .  R .  Hagner  
W .  G .  H e f f r o n  
B.  T .  Howard 
D .  B .  James 
S .  L. L e v i e ,  Jr. 
J .  L. M a r s h a l l ,  Jr .  
J .  Z .  Menard 
V. S .  IvIummert 
B .  G .  N l e d f e l d t  
P .  E .  Reynolds  
I .  M .  Ross 
F. N .  Schmidt  
R .  V. S p e r r y  
R .  L. Wagner 
D i v i s i o n  1 0 3  

A l l  Members, Depar tment  2 0 1 3  
Dep a r t m e n  t 10 2 3 
C e n t r a l  F i l e s  
L i b r a r y  


